The movement of postflexion larvae of marine estuarine-dependent species into estuaries is critical for the survival of fishes reliant on estuaries as nurseries. However, detailed studies focused on environmental variability experienced by postflexion larvae entering a range of estuary types under varying conditions are rare. This study assessed the in situ conditions (temperature, salinity and water clarity) under which the southern African endemic fish Rhabdosargus holubi (Sparidae) recruits into estuaries. Postflexion larvae were sampled in three biogeographic regions (cool temperate, warm temperate and subtropical boundary), which included three estuary types (permanently open estuaries (POEs), temporarily open/closed estuaries and estuarine lake systems) on a seasonal basis, independent of each other. Rhabdosargus holubi larvae were more abundant in spring and summer, in POEs in the warm temperate region. Models predicted that higher larval occurrence in estuaries is a function of lower salinity (e.g. mesohaline zones of 5-17.9 salinity) and lower water clarity (e.g. 0-0.2 K d , light extinction coefficient), particularly for warm, temperate POEs. This re-emphasizes the importance of freshwater for optimal nursery functioning, which may be compromised by impoundments, abstraction and climate change in water-short countries like South Africa.
INTRODUCTION
Many marine estuarine-opportunist and -dependent fish species in the Southern Hemisphere enter estuaries at the postflexion larval stage for protection, shelter, food, optimal growth and development (Neira et al. 1992 , Whitfield 1994 , Strydom 2015 . However, compared with their counterparts in the marine environment, the larvae experience dynamically changing salinity, water temperature and turbidity, which influence their recruitment, survival, growth and distribution (Boehlert and Mundy 1988, Whitfield 1994) . In estuaries, temperature is often higher than in the marine environment and this favours growth in early-stage fishes (Boehlert and Mundy 1988 , Fielder et al. 2005 , Strydom et al. 2014 . Likewise, fluctuations in salinity influence energetic demands of fish larvae under specific estuarine conditions, impacting on survival, behaviour and distribution (Fielder et al. 2005 , Bodinier et al. 2010 . Some fish larvae use low-salinity and high-turbidity zones of estuaries to avoid predators, thus increasing their chances of survival (Boehlert and Mundy 1988, Lehtiniemi et al. 2005 ). Often, low-salinity and highturbidity zones are nutrient-rich, leading to increases in productivity and thus food availability for larval fishes (Whitfield 1994 , Islam et al. 2006 , Strydom 2015 . Cueing, recruitment and movement studies have also shown the importance of high freshwater flow and related olfactory cues, temperature, turbidity and low salinity in the movement of larval and juvenile fish into and within estuaries (Boehlert and Mundy 1988 , Strydom 2003 , Kisten et al. 2015 . Similarly, environmental variables also affect the distribution of fish species among estuaries, as driving factors such as seasonal spawning and recruitment times, regional climate (e.g. temperate vs. tropical), inter-annual climate variability such as El Niño-Southern Oscillation (ENSO) and estuarine typology (e.g. estuaries that are permanently open, temporarily open or exhibiting lake basins, i.e. permanently open estuaries (POEs) vs. temporarily open/closed estuaries (TOCs) vs. estuarine lake systems (ELS) determine the structure of fish populations and communities (Harrison and Whitfield 2006 , Koehn et al. 2011 , Strydom 2015 .
Of the five types of estuaries currently recognized in South Africa, POE and TOC systems dominate the coastline, providing a critical nursery habitat for the marine estuarine-opportunist and estuarine-dependent species (Whitfield 1998 , Strydom and Whitfield 2000 , Strydom 2015 . The South African shoreline consists of various climatic biogeographical regions, from cool temperate on the south western coast to subtropical in the northeast, providing a variety of environments for fish to inhabit (Whitfield 1998) . Much is known about fish larvae and juvenile assemblages within and among temperate South African estuaries , Vorwerk et al. 2003 , Strydom 2015 , but work is limited on large spatial scales focusing on a single species response to the range of environmental variability characterizing estuaries along the South African coast. This is important because the survival and distribution of many marine estuarine-opportunist and estuarinedependent species such as Rhabdosargus holubi, which in its juvenile stage exert a significant ecological effect as a herbivore and prey species for piscivorous fish and birds, emphasize the success of estuaries as nurseries and feeding areas (Blaber 1973 , Whitfield 1998 . However, South African estuaries are subject to irregular freshwater input and warming coastal waters which may place them at risk (Gillanders et al. 2011 , IPCC 2013 , 2014 .
The Cape stumpnose, Rhabdosargus holubi, is a common endemic species along the southern African coast, extending from the Great Berg Estuary on the cool temperate southwest coast to Inhaca Island in the subtropical northeast (Blaber 1973 , Whitfield 1998 . Rhabdosargus holubi is a shallow water, marine species that is dependent on estuaries for its early life history until sexual maturity at ±150 mm standard length (Blaber 1973 , Whitfield 1998 . Adults typically spawn in the ocean from late winter to summer and postflexion larvae recruit from the surf zone into estuarine nurseries, where they undergo metamorphosis into juveniles (Beckley 1984 , Whitfield 1994 , Strydom 2003 . The environmental dynamics of estuaries, coupled with varying estuary types and climatic regions along the temperate coast of South Africa, create a wide range of conditions that recruiting postflexion R. holubi larvae are subjected to (Strydom 2015) . This, together with the ubiquity of this estuarine specialist species, makes R. holubi a good candidate for modelling the occurrence dynamics of a postflexion stage marine estuarine-dependent fish into estuaries over a large spatial scale. The present study aims to assess the relative importance of temperature, turbidity and salinity in determining the occurrence and abundance of the larval stages of this marine estuarinedependent fish in estuaries. Consequently, the abundance of postflexion larvae of R. holubi in 25 estuaries along the temperate South African coast was assessed in order to understand the environmental conditions (temperature, salinity and water clarity) characterizing the recruitment phase of this species into estuaries and to provide a benchmark for comparison and prediction of potential future changes. For this purpose, multiple working a priori hypotheses were set before the analyses. These included that the occurrence and abundance of R. holubi postflexion larvae differs between: 1) biogeographic regions, due to the difference in climate and associated environmental variables; 2) estuarine types, due to the difference is access opportunities; and 3) seasons, due to the changes in temperature and freshwater input. Consequently, it was further hypothesized that the density of R. holubi postflexion larvae present in estuaries is determined by a combination of temperature, salinity and water clarity.
MATERIALS AND METHODS

Study areas
The environmental and larval abundance data for this study were excised from a larger study investigating larval fish communities in 25 temperate estuaries in South Africa (Fig. 1) , further details of which can be found in Strydom (2015) and references therein. Sampling took place between 1998 and 2009 and included three types of estuaries (POE, TOC and ELS) in three different biogeographic regions (cool temperate, warm temperate and warm temperate/subtropical boundary, according to Harrison and Whitfield (2006) . Each estuary was sampled over four seasons (spring, summer, autumn, winter) and measurements were taken for a wide range of environmental variables, including salinity, temperature and water clarity (Table  1 and 2). Only summer/winter data were available for Mngazi, Ngqusi and Nxaxo. Each estuary was sampled at least once during the 10-year period; sampling dates are detailed in Table 1 . The region (Fig. 1 ) included a cool temperate climate with high rainfall in winter in the west, to warm temperate bordering on subtropical climate in the east, with bimodal rainfall in autumn and spring (Strydom 2015) . Estuaries sampled in 1998 Estuaries sampled in -1999 Estuaries sampled in and 2008 Estuaries sampled in -2009 occurred during the La Niña phase of ENSO (0.3-1.8 SOI), whereas the remaining estuaries varied in El Niño and La Niña phases (-1.8-0.4) between seasons within each year (www.cgd.ucar.edu/cas/catalog/climind/soi.html).
Field sampling
Postflexion stages of R. holubi were collected between 1998 and 2009 using a standardized sampling protocol described in Strydom (2015) for each estuary sampled (Table 1) . Each estuary was sampled for one year within this time period. Plankton tows were conducted via boat at near-equidistant stations along the length of each estuary. A 4.5-m boat was used to sample POEs, while a 2.5-m boat was used for smaller TOCs and ELS. Two slightly modified WP-2 plankton nets of 570 mm mouth diameter and 0.2 mm mesh aperture fitted with Kahlsico 005 WA 130 flowmeters were used to sample fish larvae at each station. Nets were deployed from a 3-m boom attached to the bow of the boat. In each estuary (Table 1) , two samples were collected per station in each season over one year during the 10-year period. Towing was conducted at each station in darkness (after sunset) for three minutes, resulting in approximately 12-16 m 3 of water filtered for each sample. Nets were towed in the upper 0.8 m of the water column at a speed of 1-2 knots. Samples were fixed in 10% buffered formalin in estuarine water and returned to the laboratory for density counts. Fish were identified and measured to the nearest 0.1 mm for body length using a micrometer or Vernier callipers. Larval fish density was expressed as number of larvae per 100 m 3 of water filtered, after volume calibrations. Temperature (°C) and salinity were measured at each station using either a Valeport CTD instrument or a YSI 6600 Multi-parameter meter. Secchi depth (D in cm) was used as a proxy for water transparency at each station. Water transparency was calculated as extinction coefficient (k), where k=1.7/D (Dawes 1998) . Stations were categorized into salinity zones based on a slightly modified Venice system appropriate for South African estuaries . This included the following salinity zones and salinity ranges: Fresh (F) =0-0.49; Oligohaline (O) =0.5-4.9; Mesohaline (M) =5.0-17.9; Polyhaline (P) =18.0-29.9; Euhaline (E) =30.0-35.9; Hypersaline (H) ≥36.
Statistics
Results of Shapiro-Wilk tests showed that data of salinity (W=0.08, p<0.005), water clarity (W=0.2, p<0.005), temperature (W=0.98, p<0.005) and R. holubi larval density (W=0.15, p<0.005) were not normally distributed. Therefore, Kruskal-Wallis ANOVAs or Mann-Whitney-Wilcoxon tests (depending on where R. holubi were found) were used to compare the above variables between biogeographical regions (i.e. cool temperate, warm temperate and warm temperate/subtropical boundary), estuary types (i.e. POEs, TOCs and ELS) and seasons (i.e. spring, summer, autumn and winter). These were followed by 'Nemenyi' post-hoc tests where necessary, using the 'PMCMR' package in CRAN R 3.2.1 for Windows (R Core Team 2015) . All the confidence intervals were set at 95%. K-W (χ 2 ) and p values with associated DF were reported.
Analysis of larval density data
No Rhabdosargus holubi individuals were found in the cool temperate region or in ELS systems, while only one TOC system exhibited fish in the sample collections, so these were not included in further data analyses. Thus, analyses of variability of R. holubi larval density were focused on POEs in the warm temperate and boundary zones. To determine whether R. holubi density (ind m -3 ) varied with 'Season', 'Salinity', 'Temperature' and 'Water clarity', generalized linear mixed models (GLMMs) were built in CRAN R 3.2.1 for Windows (R Core Team 2015) . The aim was to determine the probable a priori hypotheses by using Aikake's Information Criterion (AIC), i.e. the model with the lowest AIC value. Fish larval density followed an over-dispersed Poisson distribution, so the glmmADMB function of the 'glmmADMB' package was used with the negative binomial ('nbinom1') family. The dataset also exhibited >40% zero values, due to either inadequate sampling or absence of R. holubi at certain sites, biogeographic regions or estuaries during parts of the year. Thus, the models were extended to zero-inflation for a better fit. The dataset had a hierarchical structure because the sites were sampled within each estuary falling under different regions. Therefore, a random variable (i.e. 1|site) was added to the intercepts of all the models to capture the variance which may be specific to a particular site. Models were restricted to second-order interactions for easier ecological interpretability. AIC values were corrected to compensate for a small dataset with over-dispersion, by using the following formula:
where ω is the dispersion parameter, θ is the number of parameters in the model, and n is the sample size. Models were ranked based on ∆QAICc values (i.e. difference of QAICc value of a model from the model with the lowest QAICc value). It was assumed that models with ∆QAICc<0.5 were equally probable, while models with ∆QAIC≤4 were considered to have partial data support. Models with ∆QAIC>4 had minimal data support and were therefore not discussed further (Burnham and Anderson 2002) . 
RESULTS
Variability in environmental parameters
Median and range of salinity, temperature, water clarity and larval density for each estuary are shown in Table 1 and Figure 2 , with seasonal, regional and typological values shown in Table 2 . Salinity levels varied between seasons (χ 2 =8.64, df=3, p=0.03), with spring showing lower values than winter (p<0.005, Table 2 ). Biogeographical regions (χ 2 =55.16, df=2, p<0.005) exhibited considerable variations in salinity, in particular estuaries in the boundary (subtropical/ warm temperate) region were more saline than those of the warm temperate region (p<0.005, Table 2 ). Finally, individual estuaries exhibited considerable differences in salinity levels (χ 2 =598.25, df=24, p<0.005).
Water clarity also differed between seasons (χ 2 =16.74, df=3, p<0.005) and biogeographic regions (χ 2 =23.89, df=2, p<0.005), and within individual estuaries (χ 2 =516.48, df=24, p<0.005). Higher clarity was recorded in boundary region estuaries (p<0.005, Table African coast. Estuary names and codes are specified in Table 1. 2). Clarity was lower during in spring than in any other season (p<0.005, Table 2 ). However, temperature did not differ between biogeographic regions (χ 2 =0.76, df=2, p=0.68) or individual estuaries (χ 2 =34.64, df=24, p=0.07). Temperature varied between seasons (χ 2 =882.95, df=3, p<0.005), with higher values recorded in summer followed by autumn, spring and winter (p<0.005, Table 2 ).
Larval fish abundance
Larval R. holubi density did not differ between warm temperate and boundary regions (W=45088, p=0.51). Larval density differed between seasons (χ 2 =21.03, df=3, p<0.005), with higher densities in spring and summer (p<0.005). Larval density also varied between different salinity zones (χ 2 =64.06, df=5, p<0.005), with higher larval densities at mesohaline sites (median=0, range 0-91 ind/100 m 3 ), followed by polyhaline (median=0, range 0-153 ind/100 m 3 ), oligohaline (median=0, range 0-102 ind/100 m 3 ), euhaline (median=0, range 0-71 ind/100 m 3 ), hypersaline (median=0, range 0-14 ind/100 m 3 ) and freshwater sites (median=0 ind/100 m 3 ) (p<0.05).
Larval response to environmental variability
According to the results of AIC model selection statistics (Table 3) , for the warm temperate region, Model 1 (i.e. Density~Salinity×Clarity) was found to be the most parsimonious (ΔQAICc=0) ( Table  4) , with the negative effects of salinity and water clarity interacting with each other to limit the density of R. holubi larvae. Model 2 (Density~Salinity, ΔQAICc=1.2) ranked as the second most probable exaptation behind the observed variability of R. holubi larval density (Table 3 ). The rest of the models listed in Table 3 showed less data support for the hypotheses proposed. However, for the boundary region, Model 1 (i.e. Density~Salinity, ΔQAICc=0) and Model 2 Table 3 were found to have limited (Model 5, ΔAIC=7.59) or no data support for the hypotheses.
DISCUSSION
In warm temperate estuaries, R. holubi density generally increased in those sections of the estuary where salinity and water clarity were lowest. Additionally, in the estuaries at the boundary of warm temperate and subtropical regions, temperature was a secondary factor affecting densities of R. holubi. This supports the hypothesis that postflexion fish larvae such as R. holubi prefer less saline and less clear waters with optimal temperatures (Boehlert and Mundy 1988) . This is potentially because such conditions are favourable for faster growth rates in some larval fish (Boeuf and Payan 2001 , Fiksen et al. 2002 , Fielder et al. 2005 . Additionally, R. holubi larvae may be utilizing less clear sections of estuaries as "visual shelter" or "protective isolation" from predators (Fiksen et al. 2002) . Availability of prey items for fish larvae is also known to be higher in mesohaline areas, where nutrients reach a maximum (Snow et al. 2000 . These highly productive zones at the river-estuary interface have also been characterized as estuarine turbidity maximum (ETM) zones, due to the high incidence of sediment, nutrients, phytoplankton and zooplankton which attract foraging fish larvae and juveniles (Snow et al. 2000 . Simultaneously, the aforementioned causes may create conditions conducive to higher densities of larvae of R. holubi and other fishes, such as Gilchristella aestuaria, which exhibit a close relationship between behaviour and eco-physiology (Strydom 2015) . Gilchristella aestuaria dominates the larval fish catch in these estuaries (Strydom 2015) , but estuarine species such as R. holubi are well adapted to competing for resources in planktonic stages.
Seasonal fluctuations in temperature and salinity influence the density of fish larvae in estuaries of southern Africa and other temperate regions, as adults spawn mainly during the warmer spring and summer months (Faria et al. 2006 , Harrison and Whitfield 2006 , Strydom 2015 . Spring and summer are the primary periods of spawning and recruitment of R. holubi into estuaries, coinciding with high rainfall periods in southern-eastern South Africa, excluding the Western Cape (Whitfield 1998 , Harrison and Whitfield 2006 , Strydom et al. 2014 . Despite the seasonal importance of spawning in recruitment, the models indicated that season was not a main factor predicting the density of R. holubi in these estuaries. This may indicate that localized variation in environmental factors, such as inter-annual variability in climate and rainfall influencing cueing into estuaries from the nearshore spawning areas, may be more important for R. holubi recruitment than time of year (Strydom 2003 , Koehn et al. 2011 , Kisten et al. 2015 . Previous studies have recognized the importance of freshwater inputs in recruitment of early-stage fishes from spawning grounds into estuaries, by providing chemical cues and favourable conditions (Boehlert and Mundy 1988 , Strydom 2003 , Kisten et al. 2015 . Warmer conditions and nutrient inputs boost productivity in estuaries, thereby facilitating increased food availability, faster growth and development of fish larvae during spring and summer (Hays et al. 2005 , Islam et al. 2006 , Strydom 2015 . Mesohaline or ETM zones at the river-estuary interface are usually highly productive (Jerling and Wooldridge 1991, Snow et al. 2000) and likely to support a high density of fish larvae, as previously observed by Islam et al. (2006) and Strydom (2015) , and also evident in the current study. Conversely, low densities of R. holubi larvae were observed in euhaline and hypersaline zones.
The highest densities of R. holubi larvae were recorded in POEs, reflecting the open connection with the ocean, as compared with sporadic overwashing events and seasonal opening of TOCs (Harris and Cyrus 2000 , Cowley et al. 2001 . Rhabdosargus holubi does recruit into some TOCs, but mostly during overwashing and berm-breaching events after major rainfall events, when salinity is lowered and riverine olfactory cues drain into the ocean (Cowley et al. 2001 , Strydom 2003 . However, R. holubi was absent from all samples collected in the Great Berg Estuary, despite it being a permanently open and highly productive estuary with a high mean rainfall within its distribution range (Whitfield 1998 , Montoya-Maya 2009 . Further, cool temperate estuaries exhibited no R. holubi larvae at the time of sampling. This lack remains unexplained, as results show that lower salinities and water clarity were also recorded in these systems and estuaries were sampled during La Niña or high rainfall periods, and they show no difference in temperature compared with warm temperate and boundary regions.
This study has outlined the importance of estuary type, biogeography, environmental salinity, temperature and water clarity in determining the occurrence and density of R. holubi larvae along the southern African coast. Occurrence and abundance of R. holubi larvae are optimal at low salinities and low water clarity, and secondarily at optimal temperatures of 15-25°C. This leads to the high likelihood of finding R. holubi in permanently open estuaries within its optimal temperature range. However, in some cases R. holubi larvae are able to tolerate more saline, more transparent and colder waters, resulting in a wide distribution and success as estuarine specialists. IPCC (2013 IPCC ( , 2014 has forecasted temperature increases of up to 3°C, along with winter rainfall decreases of 10-20% and summer rainfall increases of 0-10% in extreme scenarios for the southern-eastern coast of South Africa over the next century. From the results of this study, it would thus seem that species such as R. holubi may tolerate the predicted changes given their wide range of occurrence (Gillanders et al. 2011 , Koehn et al. 2011 . However, changing rainfall and evaporation rates could change mouth state regimes, potentially leading to changes in distributions and densities in this and similar species (Gillanders et al. 2011 , Koehn et al. 2011 , IPCC 2014 . For example, it was found that environmental variability in estuaries may be more important than seasonality. As environmental changes occur, this may cause a disjoint in the timing of spawning and recruitment potential, thereby changing larval duration or distribution along the coast (Gillanders et al. 2011 , Koehn et al. 2011 . The reliance on freshwater flow with associated low salinities (mesohaline) and low water clarity (ETM zones) for supporting high densities of R. holubi larvae further supports the hypothesis that similar estuarinedependent species elsewhere in the world may be at risk as freshwater is further extracted or if rainfall decreases and evaporation increases due to climate change. Examples include Acanthopagrus butcheri from Australia and Moore saxatilis and M. americana from America, which rely on freshwater flow for recruitment into estuarine nurseries (North and Houde 2003 , Jenkins et al. 2010 , Koehn et al. 2011 . Moreover, food sources, i.e. plankton density, may also change with changing climate, thereby potentially impacting on estuarinedependent fish populations in the future (Hays et al. 2005 , Islam et al. 2006 .
